A rational approach to the development of gene therapies for cystic fibrosis requires a better understanding of the cellular targets for gene transfer In the airway epithelium. We have used recombinant retroviruses to study the dynamics and lineage relationships of a regenerating rat tracheal epithelium. Primary cultures of trachea eplthelal cells were exposed to lacZ-tansducing retroviruses and subsequently seeded into denuded trachea that were implanted into BALB/c (nu/nu) mice. The grafts developed a fully differentiated mucociliary epithelium containing large clones of lacZexpressing cells with virtually all cell tpes represented within each clone. These data are most consistent with gene transfer into a putative progenitor cell that is capable of extensive self renewal and pleuripotent development. Vector-specific variation in transgene expression was noted in the various cell types. tor(s) and lineage relationships remain unclear. In contrast, the distal airway progenitor has been identified as the Clara cell (9).
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tor(s) and lineage relationships remain unclear. In contrast, the distal airway progenitor has been identified as the Clara cell (9) .
We have developed an in vivo model to study recombinant gene expression in a fully differentiated epithelium. Primary cultures of epithelial cells are established from explanted rat trachea and subsequently exposed to recombinant retroviruses. The genetically modified cells are seeded into a denuded tracheal graft and implanted into a BALB/c (nu/nu) mouse, where they develop into a fully differentiated epithelium. Using this approach, we have studied the cellular dynamics ofgraft repopulation with respect to progenitor cell proliferative capacity and differentiating potential. In addition, we have identified vector-dependent transgene expression in the various cell types of the tracheal epithelium.
Cystic fibrosis (CF) is a lethal inherited disease caused by abnormalities in epithelial cell function (1, 2) . Patients usually die of respiratory failure due to recurrent and destructive pneumonia. The primary cellular abnormality in the lung is believed to reside in the epithelium of the airways. The gene responsible for CF was recently isolated, providing insight into the molecular basis of the disease (3) (4) (5) . Many of the mutations responsible for CF have been identified (6) ; however, the precise function of the gene product-i.e., the CF transmembrane regulator (CFTR)-remains controversial. We and others have shown that viral transduction of a normal CFTR cDNA into cultured CF epithelial cells can correct the basic cellular abnormality in cAMP-regulated Cl transport (7, 8) . The The cellular dynamics and lineage relationships within the proximal airway epithelium are not entirely understood but it is generally believed that basal and secretory cell populations have the ability to divide. Two experimental approaches, pulse thymidine labeling (11) (12) (13) and cell purification followed by graft reconstitution (14) (15) (16) , have been used to demonstrate the existence of progenitor cells in the airway. Despite intensive research in this area, the precise progeni-MATERIAL AND METHODS Recombinant Retroviruses. Three lacZ retroviral vectors were used to produce amphotropic virus: BAG, in which the retroviral long terminal repeat is responsible for lacZ transcription (17) , CMV/ADA-lacZ (Shu-Jen Chen and J.M.W., unpublished data), which contains the cytomegalovirus (CMV) enhancer and a portion of the adenosine deaminase (ADA) promoter, and CMV/BA-lacZ (Shu-Jen Chen and J.M.W., unpublished data), which contains the CMV enhancer and the chicken 8-actin (BA) promoter. The rabbit low density lipoprotein receptor (rLDLR) retroviral vector CMV/BA-rLDLR (Mariann Grossman and J.M.W., unpublished data) was used as a lacZ negative control. Amphotropic virus was produced in the T crip packaging line as described (18) . The relative titers of the producer cell lines were estimated by infecting NIH 3T3 cells with limiting dilutions of viral supernatants. Colony-forming units (cfu) were visualized by 5-bromo-4-chloro-3-indolyl /3-Dgalactopyranoside (X-Gal) staining for lacZ-expressing virus or fluorescent LDL uptake for LDLR-expressing virus. Freshly prepared viral stocks had the following titers: BAG, 5 x 10' cfu/ml; CMV/BA-lacZ, 4 x 104 cfu/ml; CMV/ADAlacZ, 3 x 105 cfu/ml; and CMV/BA-rLDLR, 2 x 106 cfu/nil.
The viral stocks used in this study were free of replicationcompetent virus based on the previously described lacZ mobilization assay (18) .
Cell Culture and Tracheal Grafts. Primary cultures of tracheal epithelial cells from male Fisher 344 rats (175-200 g) were prepared as described (19) coated (Vitrogen) plates in Hams F12 medium containing 5% fetal calf serum and 1% penicillin/streptomycin (conditioned 16 hr on a confluent monolayer of NIH 3T3 cells) and supplemented with fresh vitamin A (0.1 /ug/ml), hydrocortisone (1 ug/ml), insulin (1 ,ug/ml), and fungizone (3.1 ,tg/ml). The cells were infected with supernatants collected in the same medium at 24, 48, 72, and 96 hr following the initial plating. Cells were harvested in 0.05% trypsin containing 0.53 mM EDTA on day 5 and seeded into denuded tracheas from syngeneic rats (16) at a density of 5 x 105 cells per trachea.
These tracheas were transplanted subcutaneously into the flanks of female (19-22 g) nu/nu BALB/c mice.
Cytochemical Analysis for (3-Galactosidase Activity. Tracheal grafts were excised and sectioned into 2-mm rings, rinsed briefly in phosphate-buffered saline (PBS, pH 7.4), fixed for 10 min in 0.5% glutaraldehyde in PBS, rinsed twice for 15 min in PBS containing 1 mM MgCl2, and incubated in 1 mg of X-Gal per ml, 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, and 1 mM MgCl2 in PBS (pH 7.4) for 5 hr. Samples were postfixed in 4% paraformaldehyde/0.5% glutaraldehyde in PBS overnight at 4°C; this was followed by embedding in paraffin or glycol methacrylate (GMA) by standard procedures. All light microscopy was performed on a Microphot-FXA Nikon microscope.
Immunocytochemical Analysis with Anti-,B-Galactosidase Antibody. Tracheal grafts were divided into 2-mm rings and fresh-frozen in OCT embedding compound. Serial frozen sections (6,&m) were prepared on poly(L-lysine)-coated slides and postfixed either in 0.5% glutaraldehyde/PBS for 10 min at 4°C or in acetone for 10 min at -20°C. Glutaraldehydepostfixed sections were stained with X-Gal as described above, whereas f-galactosidase was detected in acetonepostfixed sections by indirect immunoperoxidase staining using the Vectastain ABC method (Vector Laboratories) using a primary rabbit polyclonal antibody to (-galactosidase (5 Prime -+ 3 Prime, Inc.). The sections were developed in 3-amino-9-ethylcarbazole (AEC) for 15 min.
Electron Microscopy (EM). Following X-Gal staining as described above, tracheal rings were fixed in 2.5% glutaraldehyde/1.5% paraformaldehyde/0.02% CaCl2 in 0.1 M sodium cacodylate ( Fig. 1B . Similar clones were seen in CMV/ADA-lacZ-and CMV/BA-lacZ-infected grafts. No clones of this type were seen in CMV/BA-rLDLR-or mockinfected grafts (data not shown). Endogenous "(-galactosidase-like" activity began to appear in 21-day grafts and was most evident in 42-day grafts (Fig. 1C) . The extent of this punctate endogenous staining was highly variable but visible in all grafts and persisted despite modifications of the X-Gal cytochemical analysis.
The cellular distribution of X-Gal staining was analyzed by paraffin (5 gm) and GMA (4 ;um) sections. Fig. 2 shows the progression of epithelial reconstitution of BAG-infected grafts. Grafts harvested 9 days after implantation consisted of a single layer of squamous cells lining the lumen of the entire graft ( Fig. 2A) (Fig. 2C) and CMV/ADA-IacZ (Fig. 3A) pro- analyzed from two independent retroviral infections of primary cultures. The pattern observed with CMV/BA-lacZ virus differed from that seen with the other vectors. Expression of/B-galactosidase in ciliated cells was equal to or greater than that observed in nonciliated columnar and basal cells (Fig. 3B) . The .J , -41;t'ei cZ expression was visualized at the EM level by the ence of electron-dense precipitates in X-Gal-stained Ls. Fig. 6 Light microscopic analysis of X-Gal-stained 42-day grafts revealed consistently higher levels of expression in nonciliated columnar cells with the long terminal repeat-and CMV/ ADA-based vectors. In contrast, the CMV/BA-lacZ vector expressed f-galactosidase at equal to higher levels in ciliated cells as compared to nonciliated columnar cells. Vectordependent variation in transgene expression is most likely a result of the transcriptional elements contained within the retroviral vectors. However, it is also possible that translational efficiencies may vary for the different proviral-derived lacZ transcripts. The relatively low activity of the long terminal repeat in ciliated cells remains unexplained.
The system described in this report may have applications in several areas of medicine and biology. We have used this approach to demonstrate and initially characterize a putative progenitor cell(s) in the airway. Additional studies are necessary to define the precise lineage relationships of cells within the airway epithelium. Previous reports have demonstrated the feasibility of reconstituting differentiated epithelium from other species including humans (20, 21) , indicating that it may be feasible to study gene transfer in human respiratory epithelium ex vivo. This approach may also have applications in reconstituting airways more typical of distal portions of the respiratory tree-namely, Clara and ciliated cells. The next step will be to study the consequences of recombinant CFTR gene expression in the context of a reconstituted CF epithelium.
